The secretary general of the United Nations stated that 70% of essential medical equipment is not functioning in the developing world. 1 Our data suggest that 40% of all medical equipment is out of service in low-and middleincome countries. 2 The health impact of this vast sea of dilapidated equipment is unknown. However, it must result in delayed surgeries, infants placed 2 or 3 to 1 incubator, phototherapy lights shared between children, and asthmatics going untreated for lack of a working nebulizer. As just an example, placing 2 underweight infants in a single incubator likely increases infant mortality by 17% because it is no longer possible to use closed-loop temperature control. 3 Conditions are very different for medical equipment in the developing world compared with the United States and Europe. There are problems obtaining the required consumables, accessories, and spare parts. 4 Users may not be trained in the proper use of the equipment, or the equipment may be donated to a hospital that lacks the electrical or physical infrastructure to accept the equipment. 5 In 2010, Malkin and Keane 5 published a study of more than 2,849 work tickets (also known as work orders or work cases) from 60 resource-poor hospitals in 11 countries. In each case, an engineer reviewed the service record of the equipment and the steps that were necessary to repair the equipment and place it back into service. That study showed that a limited set of nonYequipment-specific skills were required to place 66% of the medical equipment back into service without importing spare parts. 5 Here, we refer to these 118 skills as biomedical technicianY associated skills (BTA skills).
From these data, the Developing World Healthcare Technology Laboratory at Duke University developed an evidencebased curriculum for training high schoolYeducated students to repair medical equipment in a resource-poor setting. This curriculum is unlike any biomedical equipment technician (BMET) curriculum taught in the United States or Europe. For example, a traditional approach to training BMETs might have modules covering incubators, anesthesia machines, and patient monitors. The evidence-based curriculum emphasizes nonYequipment-specific skills and professional development. The nonYequipment-specific skills include topics such as finding leaks, cleaning inside tubes, finding substitute fuses, and rewiring battery packs. Professional development emphasizes skills such as how to train users, how to interact with a hospital director, English language, Internet skills (e-mail and searching), and basic letter writing. In addition, each technician receives support between training sessions in the form of hospital visits and phone mentoring on specific repairs, imitating the technical forums common to BMET work.
In 2010, The GE Foundation, Duke University, and Engineering World Health (EWH) formed a collaboration to offer the new curriculum in Rwanda. Rwanda is an African country of approximately 10 million people with 38 public, district hospitals serving the majority of the population.
The EWH BMET curriculum includes the evidencebased curriculum and some traditional elements. It also includes medical equipmentYspecific repair, anatomy and physiology, and mathematics. At the time of this study, EWH had trained 2 cohorts. The first cohort (17 technicians) entered the program in March 2010 and the second cohort (21 technicians) entered in March 2011. The entire program is taught over 3 years. Table 1 shows a schedule of the subjects offered.
We wanted to know whether the curriculum was working. Did training the BMETs improve healthcare in their hospitals? This article describes a matched cohort study of hospitals with trained and untrained technicians to assess the healthcare impact of the EWH BMET training with a particular emphasis on the determination of which elements of the curriculum are most impactful. At each hospital, all medical equipment in the operating rooms, clinical laboratories, and intensive care units was examined. These departments are chosen because they represent critical areas of the hospital with high concentrations of medical equipment.
For each piece of equipment, both users and technicians were interviewed. Users were defined as anyone who typically operates the equipment. Users were generally nurses, except in the clinical laboratory, where they were laboratory technicians. For each piece of equipment, the equipment type, manufacturer, model number, serial number, age, location, source (purchase or donation), and service contract status were recorded. Photographs were recorded of each piece of equipment and the equipment's nameplate.
Every examined piece of equipment was further categorized as (1) in service, (2) partially functional, (3) out of service, or (4) not clinically needed. The categories were assigned by the user of the equipment and the technician. A piece of equipment was considered in service if it was used in the last 6 months and all needed functions worked. A piece of equipment was considered partially functional if the user and technician identified a desired unavailable features. Out-of-service equipment was those pieces that could not be used or had not been used for more than 6 months, but the user considered them clinically needed. Not clinically needed equipment was out of service and was not considered clinically necessary by the user. Twenty of the 38 public hospitals in Rwanda were surveyed as part of this study. Hospitals were selected to create a matched study by size, location, and proximity to the capital between hospitals that had 1 year of DukeYEngineering World Health (EWH) training and hospitals with no Duke-EWH training. Hospitals that had no Duke-EWH training also had to be eligible for entry into the program (the majority of which did enter the program after this study was conducted).
For every piece of out-of-service or partially functional equipment, the technician and user were asked to describe the problem with the equipment, how long the equipment had been out of service, and what they thought were the obstacles to repair. Each was asked to select from a list of obstacles. The user selected as many as applied from (1) not needed, (2) I don't have the training, (3) I don't have the supplies, (4) I don't have the accessories, (5) I have not told the technician about this, or (6) I have already told the technician about this and I am waiting. Technicians selected as many as applied from (1) user says it is not needed, (2) I didn't know it was broken, (3) I have not looked at it yet, (4) I am afraid to make it worse, (5) It is under service contract, (6) I don't have the authority to fix it, (7) I don't have the tools to repair it, (8) I don't have the supplies or parts to repair it, or (9) I don't have the accessories needed.
An attempt was made to access all sections of every surveyed department in every hospital. However, if access to a room was denied, for example an operating room during surgery, no equipment was recorded for that room. If users were unavailable or unwilling to be interviewed, the user interview was conducted with the technician instead.
At least 1 EWH-trained or EWH trainingYeligible technician was interviewed at each hospital. Often, this was the only technician at the hospital. For the purposes of this study, technicians were defined as any person who repairs or would repair medical equipment in the hospital. Each technician was asked about their language capabilities and their educational background.
If a technician claimed to speak English, a brief English test was given. The technician was asked to read and respond to 3 questions: (1) Show me your tool box. (2) What are your normal work hours? (3) What is your job title? The number of questions appropriately answered was recorded.
The technicians were also asked about their usage of work tickets, parts acquisition paperwork, incoming equipment process, and presence of an inventory. They were also asked if they performed preventive maintenance (PM) and used service contracts in the hospital. In addition, they were asked about the frequency of their interaction with the hospital administration as well as the frequency and method of requests for technical assistance. The senior technician was asked about what tools they had in their workshop. A visual aid with images of the various workshop tools was used to aid communication.
Ideally, a review of work tickets would suffice to analyze productivity as every piece of equipment repaired or serviced in the previous year would have been recorded on a work ticket. However, work tickets are rarely recorded in any of the hospitals in Rwanda. If there was no work ticket for a case, a work ticket was created from the technician's memory. Therefore, the technician was also interviewed about all equipment that he/she had worked on in the past 12 months. Each instance of work performed was recorded as a ''case.'' Cases included all corrective maintenance, PM, installation, and user training. All available paperwork (work tickets, PM records, etc) was obtained digitally or photographed. For each case, technicians were asked the date of repair, the problem addressed, tools used, the use of outside assistance, Internet use, spare parts used, and if the machine was opened. For each case, the technician was asked about the problem(s) that was (were) repaired. The technician was shown a list of BTA skills and asked which of those skills were applied. Communication was analyzed as the number of requests for technical assistance, both within Rwanda (but outside their hospital) and outside Rwanda.
Slightly different questions were used for PM cases because they are generally performed many times during a year. Instead of the date of repair, technicians were asked how many times PM was planned and how many times PM was performed for each piece of equipment in the past 12 months.
All cases were categorized as (1) fully resolved, (2) partially resolved, (3) resolved by retiring the equipment, or (4) unresolved. A fully resolved repair was one where the user's complaint was fully addressed, and the equipment was sent back to the floor, and it was used on patients. Partially resolved repairs were for those sent back to the floor and used on patients but all of the user's complaints could not be addressed. If a piece was removed from inventory, it was considered retired. All other cases were considered unresolved.
Data Analysis
Significance was defined by P G .05 for all tests. Statistical tests used for this study were the W 2 test for a difference of proportions and Welch t test for a difference of means. Unless explicitly stated otherwise, ''not needed'' equipment was excluded from equipment analyses. Unless explicitly stated otherwise, PM cases were excluded from productivity analyses.
Results
A total of 953 pieces of medical equipment were analyzed. There were 308 PM cases recorded and 203 corrective maintenance, training, or installation cases recorded. No data were removed or excluded from analysis, unless otherwise indicated.
Most of the technicians (70%) had an advanced high school education, whereas 30% had only a high school education. Only 1 surveyed technician from either the control or study group had formal education beyond high school.
The most common types of out-of-service equipment were sterilizers, automated laboratory analyzers, and patient monitors. The average downtime of the equipment was more than 2 years. Only 22.2% of cases reported by untrained technicians had paperwork, whereas 50.9% of EWH-trained technicians' cases had supporting paperwork (P G .01, W 2 test). Every technician had access to basic tools, for example, screwdrivers. No technician had access to specialized tools, for example, patient simulators.
Engineering World Health training for 1 year had a dramatic impact on healthcare in the hospitals. Hospitals with technicians without EWH training had 74.5% more out-of-service equipment (17.8%) than hospitals with EWHtrained technicians (10.2%) (P G .01, W 2 test). This difference is shown in Figure 1 .
Trained technicians work on more equipment, contributing to their success. Trained technicians worked on an average of 9.8 corrective maintenance cases, whereas untrained technicians worked on only 4.5 corrective maintenance cases in the last 12 months (P G.1, Welch t test). Although the numbers are somewhat low, probably due to the technician's lack of documentation, this does correspond to a 118% increase in productivity. In other words, trained technicians are working on a higher percentage of the critical equipment at their hospitals. The fact that trained technicians are more productive suggests that trained technicians are more proactive in their work, more confident, or more trusted by their colleagues.
Another reason that trained technicians were more productive is that they were more likely to seek out technical assistance, both inside Rwanda and outside Rwanda. Only 14% of technicians without EWH training requested assistance from someone within Rwanda 10 or more times within the past 12 months. In contrast, 47% of technicians with 1 year of EWH training had 10 or more in-country requests for technical assistance. This corresponds to a 245% increase (P G .05, W 2 test), as seen in Figure 2 .
Perhaps even more important is the ability to gather information about their medical equipment from outside the country, where the equipment was manufactured and where there is a better chance of finding a manual or spare part. Only 14% of technicians without EWH training had 1 or more contacts outside Rwanda, whereas 76% of EWH-trained technicians had made 1 or more contacts outside Rwanda within the previous 12 months. This corresponds to a 460.8% increase (P G .01, W 2 test). Information exchanged included availability of parts or equipment, techniques to diagnose or repair a problem, and obtaining manuals. This is particularly impressive considering that few of the technicians had Internet access at home or at their hospitals.
One would assume that students would preferentially work on equipment taught in the EWH training. Therefore, the status of taught medical equipment should be superior to that which had not been taught. Because this study was after only 1 year of training, we could classify each examined piece of equipment as corresponding to equipment the technician had been taught or had not been taught. Indeed, the percentage of in-service equipment was higher if the equipment had been covered by the EWH courses the technicians had attended (87% vs 73%; P G .01, W 2 test). This suggests that equipment-specific training is important.
When we examine the nonYequipment-specific BTA skills taught in the curriculum, we find that there is a 276% increase in the number of cases using the BTA skills for EWH-trained technicians as opposed to technicians with no EWH training (P G .01, W 2 test). Engineering World HealthYtrained technicians are using 42 different BTA skills, compared with 22 skills at hospitals with no trained technician. Anecdotally, several technicians mentioned that the nonYequipment-specific skills were at least as valuable, if not more valuable, than the equipmentspecific training.
The fact that technicians without EWH training were using any BTA skills is surprising. However, EWH-trained technicians were highly communicative within their country. Many of those calls were with technicians at hospitals who were not in the EWH program asking for advice on how to fix the medical equipment. These calls probably augmented their already existing set of basic skills.
Undoubtedly, the confidence of the technician improves his/her ability to repair equipment. Technicians with EWH training were statistically significantly less likely to say they have not touched the equipment (100% decrease; P G .05, W 2 test), are afraid to make the problem worse (100% decrease; P G .05, W 2 test), or need more knowledge (58% decrease; P G .05, W 2 test). Lack of tools was never cited as an obstacle by either trained and untrained technicians. This could be seen to refute the hypothesis that the lack of tools is an obstacle to maintenance for biomedical technicians in Rwanda, or this might indicate a continuing lack of knowledge of the values of taskspecific tools.
Technicians that were trained by EWH had a higher level of English proficiency (80% answering all 3 questions correctly). This is important when considering that nearly all medical equipment service and users manuals are found on the Internet (forums, search, or e-mail) using English. Every EWH-trained technician reported using a search engine in the last year (100%); 81% reported using the Internet to find technical information. Only 50% of nonY EWH-trained technicians had used a search engine, and only 24% had used the Internet for technical information in the last 12 months. Fully 94% of EWH-trained technicians had used the Internet to search for a manual for a piece of medical equipment, whereas only 41% of the nonYEWH-trained technicians had searched for a manual.
Discussion
Impact This study shows that training BMETs can have a large impact on healthcare. Hospitals without a trained technician have nearly twice as much out-of-service equipment. Trained technicians are more than twice as productive.
Although not directly measured in this study, we can extrapolate the level of health (as opposed to healthcare) impact potentially gained. Some of this can be extracted from the student's anecdotal evidence. For example, after learning the nonYequipment-specific skill of finding and fixing leaks in tubing, 1 technician repaired 32 sphygmomanometers in his hospital. In another case, the technician had repaired the only working anesthesia machine in the hospital, returning the operating room to use. Likewise, in a different hospital, the technician had repaired the hospital's only ventilator. In both cases, surgeries were delayed or referred out because the equipment had not been working for months.
However, the evidence can be directly implied. There were a combined 32 surveyed incubators at the hospitals. There were 30 total cases of incubator repair (6 of those by technicians without EWH training). Every hospital reported that when 1 of their incubators went down, they had to double up children in the incubator. We know that doubling up patients in incubators increases mortality by 17% because it is no longer possible to use closed-loop temperature control. 3 Thus, every time a repaired incubator allowed 2 babies to be separated, we can project a dramatically improved prognosis.
Yet another way of looking at the healthcare impact is to compare the 2 options that a funder might face, whether to fund a donation of medical equipment or to fund the training of local technicians to repair the equipment they already have. We reported 7.6% less of the hospital's inventory is out of service with trained technicians after 1 year. Because these hospitals have a nearly endless supply of broken equipment, it is reasonable to assume that the trained technicians will continue to repair FIGURE 2. Part of the reason that the DukeYEngineering World Health curriculum is successful is that it stresses nonYequipment-specic training, such as networking skills. Trained technicians dramatically increased the number of in-country (245% increase, *P G .02) and out-of-country technical contacts as a result of their training (461% increase, *P G .01).
an equal amount of equipment each year. A hospital with a total of 1,000 pieces of equipment corresponds to 76 more pieces per year available for clinical care at hospitals with trained technicians. Over 20 years, a donor would therefore need to provide 1,520 working pieces of equipment to the hospitals to provide a donation as powerful as the training program. In our dataVspanning equipment donations over 20 yearsVthere are 504 pieces of donated equipment from 27 known donors, an average of about 19 pieces per donor for a 20-year period. Therefore, an average donor would need to donate 80 times their average yearly contribution (1,520/19) to match the impact of the training program studied here over 20 years.
A Unique Curriculum
There are a number of organizations that deliver BMET training. There can be considerable differences in the curricula offered between the organizations. Probably the most notable difference is the relative emphasis placed on equipment-specific training, such as training on ventilators and electrocardiograms versus the emphasis on skills such as soldering and pipe fitting, which are not equipment-specific and can be used on many pieces of medical equipment. The training delivered here adds at least 1 additional dimension, the BTA skills, which emphasize generic skills tailored to resource-poor settings, such as finding substitute fuses and improvising filters.
There is evidence that equipment-specific training was helpful; a 28% increase in cases involving taught equipment. Yet, technicians were 277% more likely to use BTA skills when trained to do so. When faced with large volumes of out-of-service equipment and a nearly complete lack of a maintenance budget, it is not realistic for most of the surveyed technicians to use manufacturer-recommended parts. In addition, much of the surveyed equipment was donated and used and is now too old to be supported by the manufacturer (if the manufacturer still exists). Therefore, the technicians were often faced with the need to improvise solutions to basic problems such as broken fuses, incorrect plugs, hosing leaks, rust on moving parts, and impossible-to-find filters. However, no prior curriculum included the explicit teaching of these improvisation skills. This is a unique feature of this curriculum.
We feel that the dramatic improvement in healthcare and the equally dramatic improvement in technician productivity are at least partially due to the explicit teaching of basic skills tailored to a resource-poor setting.
Other nonYequipment-specific aspects of the curriculum, including professional development, for example, English and Internet skills, are also important. A successful technician using modern medical equipment will often need support from others to achieve a repair, seeking assistance to do things such as finding parts, troubleshooting problems, obtaining manuals, and deciphering diagnostic codes. This assistance not only helps them repair individual pieces of equipment, but the sense of community offered by communication may also increase their confidence, desire to improve, and job satisfaction.
These outcomes have secondary effects. When the technicians become more productive, they are more respected in their hospitals. Most technicians, including heads of departments, reported not having been introduced to the director of the hospital at the outset of the training. However, EWH held workshops for the directors of the hospitals on the importance of involving the technician in the acquisition of the medical equipment, management of the budgets for medical equipment, and training the staff in the use of the equipment. It is extraordinarily rare for a BMET training program to include any training for hospital directors. This is another unique feature of the EWH BMET training curriculum.
Despite the increased success of the trained technicians, they continued to suffer from a lack of resources and not only financial resources. Most lacked regular access to the Internet, although EWH provided laptops. Some completely lacked a budget for spare parts. In many cases, equipment was donated without a manual. Lacking a service manual, it was impossible for the technician to identify which part was needed. In many cases, the equipment was no longer manufactured, so that even if they knew what part was needed they might not be able to find it. Without the means to communicate between technicians across the world, it would be impossible for them to find advice on spare parts for out-of-date equipment. The lack of Internet, and in some cases lack of English-language proficiency, also hampered their ability to join forums, attend conferences, and otherwise improve their ability to participate in the BMET community.
Study Limitations
We believe this to be the first matched, controlled study of the impact of BMET training on healthcare. As such, we believe this to represent the best available data on the topic. Nevertheless, there are limitations to this study. This study uses sampled inventories (3 departments were surveyed) instead of complete hospital inventories to calculate equipment status. Other departments, store rooms, and closets that would have included other clinically necessary equipment were not surveyed in this study. Presumably, there would be a large amount of nonfunctional equipment in store rooms and closets, and therefore the actual out-of-service percentages would be much higher than found in this study. This is likely the reason why Perry and Malkin 2 reported a far larger out-of-service percentage. An ideal study would show the impact on patient health. This study measured only the impact on the healthcare (infrastructure), particularly medical equipment. Although the link between medical equipment and patient health is strong, it is not immutable. For example, a hospital may need only 1 suction machine. In this case, 1 in 10 machines working (10% in service) and 1 in 2 machines working (50% in service) would result in the same clinical outcomes.
Although evaluating hospital equipment maintenance based on paperwork would have been more objective and accurate, paperwork was often not available for this study. Instead, work cases were reproduced post facto, relying on the technician's memory, which may not be comprehensive or accurate. The high case resolution rate (92.1% for untrained, 94.4% for trained) appears incongruent with the percentage of equipment out of service, suggesting that technicians selectively remember the cases that were successfully resolved.
The fact that the non-EWH hospitals are using many BTA skills most likely highlights the fact that technicians are speaking with each other. This high degree of communication is desirable and encouraged but does complicate the interpretation of the results by removing a degree of independence between the control and study groups.
The use of matched pairs and the fact that we based our conclusions on the differences between trained and untrained cohorts largely mitigates these weaknesses.
